ABSTRACT: The interaction of lipids, spin-labeled at different positions in the sn-2 chain, with cytochrome c oxidase reconstituted in gel-phase membranes of dimyristoylphosphatidylglycerol has been studied by electron paramagnetic resonance (EPR) spectroscopy. Nonlinear EPR methods, both saturation transfer EPR and progressive saturation EPR, were used. Interaction with the protein largely removes the flexibility gradient of the lipid chains in gel-phase membranes. The rotational mobility of the chain segments is reduced, relative to that for gel-phase lipids, by the intramembranous interaction with cytochrome c oxidase. This holds for all positions of chain labeling, but the relative effect is greater for chain segments closer to the terminal methyl ends. Modification of the paramagnetic metal-ion centers in the protein by binding azide has a pronounced effect on the spin-lattice relaxation of the lipid spin labels. This demonstrates that the centers modified are sufficiently close to the first-shell lipids to give appreciable dipolar interactions and that their vertical location in the membrane is closer to the 5-position than to the 14-position of the lipid chains.
1 methods. The latter has proved to be particularly useful for quantitating the lipid-protein interactions with a wide variety of intrinsic proteins in fluid-phase membranes (for a recent review see ref 7) . Far less information is available on lipidprotein interactions in gel-phase lipid membranes. These not only are found in reconstituted systems but also may be considered as generally representative of membrane regions with high lipid packing densities, e.g., in spatially segregated membrane domains (8) . The few magnetic resonance studies that concentrate on lipid-protein interactions in gel-phase membranes include 2 H NMR studies of rhodopsin (9) and saturation-transfer electron paramagnetic resonance (ST-EPR) of the myelin proteolipid protein (10) in reconstituted membrane systems. Nonlinear EPR methods (ST-EPR and also progressive saturation EPR) are well suited to such investigations with spin-labeled lipids. This is because both the gel-phase bilayer membrane lipids and the lipids interacting directly with the intramembrane surface of the integral protein have rotational motions on a time scale to which these T 1 -dependent methods are optimally sensitive (11) .
In the present work, we have studied lipid-protein interactions with bovine cytochrome c oxidase that is reconstituted in gel-phase dimyristoylphosphatidylglycerol (DMPG) as the host membrane lipid. Phosphatidylglycerol is taken as representative electrostatically of the negatively charged lipid component of the inner mitochondrial membrane (predominantly diphosphatidylglycerol). Lipid-protein interactions between cytochrome c oxidase and DMPG were characterized recently in fluid-phase membranes (12) . Here, 1 Abbreviations: DMPG, 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol; n-PGSL, 1-acyl-2-[n-(4,4-dimethyl-N-oxy-2-oxazolidinyl)stearoyl]-sn-glycero-3-phosphoglycerol; n-SASL, n- (4,4- dimethyl-N-oxy-2-oxazolidinyl)stearic acid; cyt ox, cytochrome c oxidase; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; EDTA ethylenediaminetetraacetic acid; EPR, electron paramagnetic resonance; ST-EPR, saturation transfer electron paramagnetic resonance; V1, first-harmonic absorption electron paramagnetic resonance spectrum detected in phase with respect to the static magnetic field modulation; V2′, secondharmonic absorption electron paramagnetic resonance spectrum detected 90°-out-of-phase with respect to the static magnetic field modulation.
we have used both ST-EPR and progressive saturation EPR, together with phosphatidylglycerol probes (n-PGSL) that are spin-labeled at different positions in the sn-2 chain, for studies in gel-phase membranes. Because cytochrome c oxidase contains endogeneous paramagnetic metal centers, the nonlinear spin-label EPR spectra are sensitive not only to the rotational dynamics of the lipid chains but also to spin-spin interactions with these metal-ion centers. Significant and consistent effects are obtained on modifying the metal centers by binding azide. These latter results demonstrate a direct interaction with the spin-labeled lipid chains at the intramembrane perimeter of the protein.
MATERIALS AND METHODS
Materials. DMPG was obtained from Avanti Polar Lipids (Alabaster, AL), and was found to be pure on thin-layer chromatography with the solvent system CHCl 3 /CH 3 OH/ ammonia (65/30/3 v/v/v). Phosphatidylglycerol spin labels with the nitroxyl group on the nth carbon atom of the sn-2 acyl chain (n-PGSL, n ) 4, 5, 7, 12, or 14) were synthesized from the corresponding spin-labeled stearic acids (n-SASL), as described in ref 13 . Cytochrome c oxidase (cyt ox) was prepared from beef heart by the method of Yu et al. (14) , with the modifications given in ref 15. Lipid substitution by DMPG was carried out in a manner similar to that described in ref 16 for the substitution by dimyristoylphosphatidylcholine. Cytochrome c oxidase was treated with a 500-fold molar excess of DMPG in 10 mM HEPES buffer, pH 7.4, containing 1 mM EDTA, for 1 h at room temperature. The buffer contained 0.2% sodium cholate to facilitate the lipid exchange. After the solution was cooled on ice, the enzyme was precipitated by adding cold concentrated ammonium sulfate solution to a final concentration of 35%. The supernatant was removed after centrifugation at 4°C; then the lipid incubation and ammonium sulfate precipitation steps were performed a second time. Subsequently, the cyt ox was taken up in buffer containing 1% sodium cholate, and centrifuged at 66000g (4°C). The supernatant was assayed for protein and lipid content by Lowry (17) and phosphate (18) assays, respectively.
Reconstitution and ESR Sample Preparation. The final cyt ox-containing solution in cholate was divided into several aliquots, and appropriate amounts of DMPG were added to each aliquot to give the desired molar ratios of DMPG to cyt ox. For cholate removal, samples were dialyzed at 4°C against 10 mM HEPES buffer, pH 7.4, containing 1 mM EDTA, and 1 M KCl. The dialysis buffer was changed after 8-12 h, for a total of 3 times. Reconstituted membrane samples were found to be homogeneous on continuous sucrose-density gradients. Cytochrome oxidase activity after reconstitution was measured according to Yonetani (19) . An activity of A ) 5107 min -1 was found, i.e., approximately half of that before the reconstitution (A ) 11 000 min -1 ). Activity after reconstitution in DMPG was therefore roughly comparable to the activity after reconstitution with other phospholipids (cf. ref 14) . After dialysis, each sample was spin-labeled from a concentrated solution of n-PGSL in ethanol, which was such that the total amount of ethanol did not exceed 1% of the total sample volume and the final spin-label concentration was 1 mol % of the total lipid. After washing to remove unincorporated spin label, membranes were recentrifuged, taken up in a small volume of buffer, and transferred into EPR capillaries. The samples were then packed as pellets in the capillaries by using a benchtop centrifuge. EPR spectra were recorded after removal of the excess supernatant from the sample capillaries. All EPR samples were analyzed for their lipid and protein content after the spectra had been recorded. Lipid/protein ratios were determined by Lowry protein assays (with bovine serum albumin as standard) and Rouser phosphate assays (17, 18) . Except for the period of measurement, samples were always kept on ice (or at 4°C during centrifugation).
EPR Spectroscopy. EPR spectra were recorded at 10°C on a Varian 9-GHz spectrometer (model E-12 Century Line; Varian, Sunnyvale, CA) equipped with a TE102 rectangular cavity (Varian). Temperature was controlled to within (0.1°C by using nitrogen gas-flow temperature regulation and was measured with a fine-wire thermocouple positioned at the top of the sample within the EPR capillary. EPR sample capillaries (1 mm i.d.) were accommodated in a 4-mm quartz EPR tube that contained light silicone oil for thermal stability. A custom-built sample holder allowed positioning of the sample in the cavity with an accuracy of 0.1 mm. The spectrometer was interfaced to an IBM personal computer with a Tecmar Labmaster A/D converter for digitizing and storing the measured EPR data. For improved sensitivity, spectra were accumulated 8-16 times, depending on the signal-to-noise ratio. For conventional EPR spectra, the field modulation frequency was 100 kHz with a modulation amplitude of 1.25 G. A filter time constant of 0.25 s was used. Saturation transfer and progressive saturation experiments were performed with samples trimmed to 5 mm length that were centered in the microwave cavity. Calibration and measurement of H 1 field intensity and determination of cavity Q were performed as described in ref 20. All saturation measurements were performed under critical coupling conditions. ST-EPR spectra were recorded in the second-harmonic, absorption mode (V 2 ′ display), with the lock-in detector set at 90°-out-of-phase by the self-null method. The modulation frequency was 50 kHz (detection at 100 kHz), modulation amplitude was 5.0 G, and rms H 1 field at the sample was 0.25 G (21). Progressive saturation EPR spectra were analyzed in terms of the double integral (22) , and ST-EPR spectra were analyzed by both the line height ratio (23) and first integral (24) 
RESULTS AND DISCUSSION
Chemical Lipid-Protein Reactions. Direct evidence for an interaction between the spin-labeled lipid and the cytochrome c oxidase protein comes from measurements of the rates of reduction of the spin-label nitroxyl free radical in reconstituted membranes in the fluid phase. The timedependent decay of the EPR intensity obtained from 14-PGSL in DMPG/cyt ox membranes at 36°C is shown in Figure 1 . This time-dependent decrease in intensity arises from chemical reduction of the nitroxide by reducing centers localized on the protein. The reaction is to some extent diffusion-controlled because the EPR intensity is quite stable at lower temperatures in the gel phase, where lipid translational diffusion is very slow. The localized nature of the reaction is evident from the fact that the reaction rate is dependent on the position, n, of the spin label group in the lipid chain. The rate is fastest for 14-PGSL and considerably slower for spin labels located further up the chain (data not shown). Fitting to a single exponential, as shown in Figure  1 , results in a decay rate of 0.054 min -1 for 14-PGSL. ConVentional EPR Spectra in the Gel Phase. The V 1 EPR spectra of different n-PGSL spin label positional isomers at 10°C, in the gel phase of DMPG, are given in Figure 2 . Solid lines are the spectra from DMPG/cyt ox complexes with similar lipid/protein ratios of ca. 50:1 mol/mol. Dashed lines are the corresponding spectra from aqueous dispersions of DMPG alone. In all cases, the outer hyperfine splittings, 2A max , of the spectra are greater in the lipid/protein complexes than they are in membranes of the gel-phase lipid alone. This corresponds to a higher degree of immobilization of the lipid chains in the lipid/protein complexes. The degree of immobilization of the lipid chain depends, however, on the segment, n, of the chain to which the spin label is attached.
The dependence of the outer hyperfine splitting on chain segment position is given in Figure 3 for DMPG membranes with and without incorporated cytochrome c oxidase protein.
In normal gel-phase lipid bilayers, the chains exhibit a characteristic, although limited, gradient of increasing flexibility toward the terminal methyl ends (26) . This is evident from the decreasing values of A max in DMPG alone that are shown in Figure 3 . The effect of the membrane-spanning protein is to reduce this flexibility gradient considerably. It is likely that the major restriction of the flexibility arises from lipid chains directly in contact with the intramembranous surface of the protein. This has been found previously to be the case for spin-labeled lipids interacting with rhodopsin in rod outer segment disk membranes (27) . In the gel phase, the lipid chain environment immediately adjacent to the protein is not readily distinguished from that in the bilayer regions of the membrane remote from the protein (cf. ref 10) . This is unlike the situation in the fluid phase, but the possibility still exists that these environments are distinct, although unresolved, in gel-phase membranes.
Saturation Transfer EPR Spectra in the Gel Phase. Figure  4 gives the V 2 ′ ST-EPR spectra that correspond to the conventional V 1 EPR spectra that were presented in Figure  2 . Comparison with the latter shows a considerably greater effect of the protein on the microsecond motions of the lipid chains, to which ST-EPR is sensitive, than on the nanosecond motions to which conventional EPR is sensitive (see, e.g., where P 0 is the maximum, rigid-limit value of line height 
ratio P and k and b are calibration constants that are given in ref 25. These derived values of effective correlation time are given in Table 1 for DMPG bilayers with and without cytochrome c oxidase.
In gel-phase bilayers alone, the rotational correlation times are evidently anisotropic, because the three diagnostic regions of the ST-EPR spectra produce different values, relative to isotropically rotating hemoglobin (see Table 1 ). Effective rates of rotation are considerably faster about the long axis of the lipid molecules to which only the C′/C ratio is sensitive (30, 31) . The rates of off-axial chain rotation that are recorded by the line height ratios, L′′/L and H′′/H, in the outer diagnostic regions of the spectra are considerably slower. Comparable values are obtained from these two ratios, indicating relatively little anisotropy in the off-axial rotation (see also ref 32) . Somewhat atypical, i.e., nonsystematic, results are obtained for the 7-PGSL spin label that is situated toward the center of the lipid chain. This anomaly almost certainly arises from the known tendency of lipids labeled in this region of the chain to segregate in gel-phase membranes (33) . With this exception, the ST-EPR correlation times reflect the gradient of increasing flexibility toward the terminal methyl ends of the chains that was evident in the conventional EPR spectra. This is fully in agreement with previous ST-EPR studies on gel-phase phosphatidylcholine lipids (26) .
Incorporation of cytochrome c oxidase in gel-phase DMPG membranes gives rise to a slowing in rate of both axial and off-axial chain rotational motion. An analogous effect has been found previously with the myelin proteolipid protein, for overall chain mobility in gel-phase lipid membranes (10, 11) . The present results display a very pronounced effect on the chain flexibility profile for microsecond motions. Again with the exception of the anomalous 7-position label, the flexibility gradient is almost entirely removed by the presence of the transmembrane protein. The effective rotational correlation times for 14-and 12-PGSL are comparable to those for 5-PGSL. Compared with gel-phase lipids alone, the protein therefore restricts the chain flexibility to a much greater extent at the terminal methyl ends than it does for positions closer to the lipid headgroups. The effective rotational correlation times deduced from the L′′/L and H′′/H diagnostic ratios differ somewhat in the presence of cytochrome c oxidase. This is unlike the situation for DMPG membranes alone, which suggests that lipid-protein interaction induces some anisotropy in the off-axial chain motions.
Saturation Transfer EPR Intensities. Further information on the lipid-protein interaction is obtained from the integrated intensities of the ST-EPR spectra from the spinlabeled lipids. This spectral parameter is sensitive not only to rotational mobility but also to any interactions that affect the spin-lattice (i.e., T 1 ) relaxation of the spin label (see, e.g., ref 34) . The normalized integrated ST-EPR intensities, I ST , of the different n-PGSL spin labels in gel-phase DMPG membranes and in DMPG/cyt ox complexes are given in Table 2 . Progressive changes are seen in the values of I ST with position, n, of the spin label in the lipid chain for the DMPG membranes. This yet again reflects the chain flexibility gradient in gel-phase bilayer membranes. The one exception is the 7-PGSL spin label, for which the integrated ST-EPR intensities are anomalously low, because they are reduced by spin-spin interactions between the partially segregated labels (see ref 35) in both membrane systems.
For all positions of labeling, the integrated ST-EPR intensities are much higher in the presence of cytochrome c oxidase than they are in the absence of the protein (see Table  2 ). Because the lipid/protein ratio is close to the number of first-shell boundary lipids (cf. ref 12) , the values of I ST,P given in Table 2 directly reflect the properties of the lipid-protein interface. Predominantly, the higher values of I ST,P arise from motional restriction of the lipid chains at the protein interface (cf. Table 1 and ref 24) . Additionally, however, T 1 relaxation enhancement by interaction with the paramagnetic metal centers in cytochrome c oxidase may also affect the ST-EPR intensities (see, e.g., ref 34) . The result of paramagnetic interactions is to reduce ST-EPR spectral intensities and therefore the degree of chain motional restriction may be greater than reflected by the measured values of I ST,P .
Paramagnetic interactions with the metal centers of cytochrome oxidase have been investigated by reaction of azide. Azide is known to interact with the Cu B 2+ and heme a 3 cofactors (2, 36) . Therefore, the effect of azide on the spinlattice relaxation rates of these metals can be used to detect paramagnetic contributions to the relaxation behavior of the spin-labeled lipids. Conventional and saturation transfer EPR spectra of the 5-and 14-PGSL spin labels in DMPG/cyt ox complexes of low lipid/protein ratio, in the presence and absence of azide, are given in Figure 5 . Binding azide has practically no effect on the conventional EPR spectra of the spin-labeled lipids, because the metal ligands are not expected to affect the overall lipid-protein interactions. Some differences are observed in the line shapes of the ST-EPR spectra that are given in the lower part of Figure 5 . The effects of modification of the spin state of the heme a 3 group, and/or bridging of the two metal centers, by the azide ligand (36) are seen much more clearly, however, in the ST-EPR intensities that are given in Table 3 . Binding of azide to the metal ion centers will not change the mobility of the lipids associated with the protein (cf. upper part of Figure  5 ). Therefore, the differences in I ST in the presence and absence of azide must arise from changes in efficiency of paramagnetic relaxation on modifying the spin state of the heme a 3 and/or Cu B centers. Supporting evidence for this comes also from the effective relaxation time products, (T 1 T 2 ) eff , determined from progressive saturation experiments, the values of which are also given in Table 3 (see later discussion). The direction of the change in both I ST and (T 1 T 2 ) eff is such that the paramagnetic relaxation enhancement is reduced on binding azide.
The ST-EPR intensities, I ST , approximately are proportional to the effective spin-lattice relaxation times, T 1 eff (35, 37) , and therefore the enhancements in paramagnetic relaxation rate are given by (see ref 34) where I ST 0 and T 1 0 are the ST-EPR integral and effective T 1 , respectively, in the absence of azide, and 1/T 1 P is the change in T 1 relaxation rate induced by azide. From Table 3 , the effects of azide are characterized by ∆(1/I ST ) ) -79 and -36 for 5-PGSL and 14-PGSL, respectively. This suggests that the metal ion centers that are modified by azide are situated closer to the polar/apolar surface than to the middle of the membrane, i.e., closer to the C-5 position than to the C-14 position of the lipid chains (cf. ref 38) . Preliminary molecular modeling by arranging lipid fatty acid chains around the hydrophobic perimeter of the X-ray crystal structure of bovine cytochrome c oxidase (1, 2) , with their vertical position determined by the transmembrane hydrophobic stretches identified in the cytochrome oxidase structure, agrees with this result. This also holds true for the location of the heme a 3 -Cu B 2+ center relative to the chains of those phospholipids that are resolved in the crystal structure (1) .
ProgressiVe Saturation Experiments. Lipid-protein interactions and paramagnetic relaxation enhancements were also studied by means of progressive saturation of the conventional V 1 EPR spectra. The saturation curves for the integrated spectral intensity with increasing microwave radiation power are given in Figure 6 . Data are presented for various n-PGSL spin labels in DMPG membranes and in DMPG/cyt ox complexes in the gel phase at 10°C. Least strongly saturating are the spin labels in lipid membranes without protein (open symbols). Interaction with cytochrome oxidase increases the degree of saturation of the lipid spin labels, producing larger deviations from a linear dependence of the EPR intensity on H 1 field (solid symbols). Among the different spin-label positions, 7-PGSL stands out as saturating less readily both in DMPG membranes and in DMPG/cyt ox complexes. This pronounced relaxation enhancement, seen also above in the ST-EPR spectra, arises 24 ) and (T1T2) eff values (obtained from power saturation curves according to eq 3) are given for the 5-and 14-PGSL spin labels in DMPG/cyt ox (43:1 mol/mol) complexes at 10°C, in the presence and absence of 5 mM azide.
from spin-spin interactions that result from partial exclusion of the 7-PGSL spin label in the lipid gel phase. For other positions of labeling, the degree of saturation increases systematically from the terminal methyl toward the headgroup region of the lipid chains.
The power saturation curves for the integrated intensity, A, of the V 1 EPR spectra can be described by the following form for the dependence on H 1 field (22): where T 1 eff and T 2 eff are the effective spin-lattice and spinspin relaxation times, respectively, γ e is the electron gyromagnetic ratio, and A 0 is a normalization constant. Fits of this equation to the data for DMPG membranes are given by the solid lines in Figure 6 . Equation 3 gives an adequate description of the saturation behavior of these singlecomponent spectra. Values of the effective T 1 T 2 relaxation time products, obtained from fitting the saturation curves, are given in Table 4 . In general, the results of progressive saturation experiments parallel, and confirm, those from the ST-EPR intensities that are given in Table 2 . Slight deviations are found in the relative values of (T 1 T 2 ) eff compared with those of I ST , because the former depend not only on T 1 eff but also on T 2 eff (i.e., additionally on the line widths). In particular, the larger values of (T 1 T 2 ) eff for the DMPG/cyt ox complexes imply slower rates of chain rotational motion, as is predicted theoretically for correlation times greater than τ R ≈ 10 -8 s (39) . The values of (T 1 T 2 ) eff for DMPG/cyt ox complexes in the presence and absence of azide are given in Table 3 for the 5-and 14-PGSL spin labels. Binding of azide to the paramagnetic metal centers in cytochrome c oxidase corresponds to changes in relaxation rate of ∆(1/T 1 T 2 ) ) -1.6 × 10 13 and -1.7 × 10 13 s -2 for 5-PGSL and 14-PGSL, respectively, in the gel phase. Corrected for the different line widths, this corresponds to values of ∆(1/T 1 eff ) ) -3.2 × 10 5 and -2.7 × 10 5 s -1 for 5-PGSL and 14-PGSL. The relative values of the change in T 1 relaxation rate are therefore in agreement with the conclusion, reached already from the ST-EPR intensities, that the azide binding site, i.e., the heme a 3 -Cu B 2+ binuclear center, is closer to the 5-position than to the 14-position of the lipid chains.
CONCLUSIONS
Nonlinear EPR methods are found to be a sensitive means to investigate lipid-protein interactions in gel-phase membranes. These techniques are likely to be applicable not only to membranes reconstituted with synthetic lipids but also generally to any membrane system in which the lipid mobility is low, which is particularly the case when the protein component forms quasicrystalline arrays (e.g., refs 8 and 40).
The lipid chains that interact directly with the hydrophobic transmembrane surface of cytochrome c oxidase are hindered in their rotational motion, relative to those in gel-phase membranes. This is seen by the increase in ST-EPR intensities and values of the effective relaxation time T 1 T 2 products (Tables 2 and 4 ). The effect of the transmembrane profile of the protein surface is seen very clearly, relative to the chain flexibility gradient present in gel-phase lipid membranes (Figure 3) . The preferential increase in hindrance of the chain motion for spin labels close to the methyl terminal is consistent with the intramembrane structure of cytochrome c oxidase, which consists of polytopic R-helix bundles (1) .
Proximity of the first shell of boundary lipids to the paramagnetic metal centers in cytochrome c oxidase is demonstrated directly by the effects on the spin-lattice relaxation of spin-labeled lipids. This relaxation enhancement is dipolar in origin, but estimates of distances are limited by uncertainties in the relaxation rates of the paramagnetic centers. The dependence on position of the spin label in the lipid chain, however, gives information on the vertical location of the azide binding site relative to the lipid Table 4 .
A(H 1 ) )
A membrane that is fully in agreement with the crystal structure of the enzyme.
